The aim of this paper is to present recent developments in terms of propagation time-series synthesizers, carried out in the framework of the ESA study 16865/03/NL/EC 'Development of propagation models for telecommunication satellite systems' (ONERA Final Report RF 4/07757/DEMR, 2004). The paper is composed of three parts: a review of the initial requirements related to propagation time series for system performance simulation, a description of a collection of rain attenuation time-series synthesizers and of their related input parameters, and a comparative analysis of the output characteristics of these time-series synthesizers as compared with experimental data collected during the OLYMPUS and ITALSAT propagation experiments.
INTRODUCTION
A methodology dealing with the short-term behaviour has also been developed and tested but will not be presented here.
SYSTEM REQUIREMENTS
After a brief overview of today's satellite multimedia communication systems, and after a description of propagation issues relevant for the design and optimization of FMTs, the system requirements for time-series synthesizers are presented.
Context of satellite multimedia communication systems
The current state of the telecommunication market is driven by the increasing demand of the end users for multimedia services, which require high data rates. Within the fixed satellite service, frequency bandwidths wide enough to carry such high data rates are not allocated in conventional frequency bands ranging from C-band to Ku-band. Such wide bandwidths are available only at higher frequency bands such as Ka-band (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , Q=V-band (40-50 GHz) or EHF-band . For civilian applications, this trend is reinforced by the saturation of the conventional frequency bands (C-band and Ku-band); hence, developing a new satellite system in these frequency bands may involve a lengthy co-ordination procedure in order to limit the interference caused by the new system to the existing ones (and vice versa).
For the next generation of satellite telecommunication systems, different types of system architecture are envisaged for multimedia applications [8] such as, for instance: broadband access star network with Ku/Ka-band transparent payloads and low-cost terminals for consumers and prosumers, broadband access mesh network with Ku/Ka-band regenerative payloads and VSAT terminals for prosumers and corporate, backbone core networks with Ka/ Q=V-bands regenerative payloads for interconnection of gateways.
The main critical design issues for these systems, regarding the influence of the propagation channel, are the following: * Design of system margin and availability (propagation channel): This is the conventional way to take into account the propagation effects in system design. However, at frequency bands higher than 20 GHz; rain attenuation is not the sole effect to be compensated. Also other effects such as gas and cloud attenuation as well as scintillation and possibly depolarization have to be considered. * Implementation of FMTs (physical layer): These techniques aim at compensating in realtime strong propagation impairments that limit physical layer performance at Ka and Q=V bands. * Adaptive resource management (access layer): The purpose is to allocate dynamically the satellite resources with respect to propagation conditions in order to optimize the global system capacity.
loop should be able to track the signal variations, especially the slow component (attenuation), and to follow the envelope of fast fluctuations. The dynamics of the propagation channel is therefore a key element for system design at high-frequency bands and has to be taken into account directly in the definition of the FMT control loop. These dynamics of the propagation channel can be described in terms of fade slope and fade duration or of spectral characteristics. Fade slope and fade duration can help in optimizing internal parameters of the FMT control loop (response time of the loop, internal margins or guard time). Spectral characteristics are important in order to filter out quick variations of the signal due to scintillation. Previous studies [9, 10] have demonstrated that the introduction of experimental propagation time series in the simulation of the performance of the physical layer allows FMT control loops to be optimized. Until now, experimental data have been used for this purpose by propagation experts, but they are not always available to system designers. In addition, experimental propagation data exist only for specific locations, frequencies and elevations. An alternative to real measured data for computer-based system simulations is to use flexible time-series synthesizers which can be adjusted to climatological characteristics as well as geometrical and radio-electrical link parameters. These models are not only able to calculate transfer functions, but also function as time-series synthesizers from which every kind of temporal characteristics can be extracted, such as the received signal evolution, transfer functions, spectral characteristics, and of course primary and secondary statistics.
Requirements for channel models for the design of FMTs
The aim of this research activity was to develop and validate propagation channel models in the form of time-series synthesizers; hence, the following system requirements are expressed for this kind of models only. These requirements have to specify the main characteristics and functionality to be fulfilled by the requested channel models, in order to be able to select the most appropriate ones. The specifications are expressed in terms of propagation effects to be simulated, input parameters, model outputs, global validity and flexibility and practical implementation.
The synthesizers developed and validated in this study allow time series of rain attenuation and scintillation to be generated. Both effects have to be taken into account because rain attenuation at frequencies higher than 10 GHz is the main limitation for air interface performance, and scintillation adds noise to the FMT control loop parameters. Therefore, the capability of reproducing both effects is the main requirement. Also, clear sky attenuation effects (due to oxygen, water vapour and clouds) could be relevant, in particular at 40-50 GHz or for low elevation links.
As far as input parameters are concerned, any possible configuration between an Earth station and a satellite has to be taken into account. First of all, the geometry of the link can be described by the positions of both the satellite and the Earth station. Furthermore, the radiowave characteristics must be considered in terms of frequency (between 10 and 50 GHz) and polarization. Moreover, the channel models should be able to take into account climatic conditions which are described by a number of radio-climatological parameters and can be obtained from all over the world by maps from ITU-R recommendations, maps generated from ECMWF data or maps from other meteorological offices.
Finally, the channel models should be able to extend to scenarios which have not been covered by measurements using statistical prediction models such as, for instance, Recommendations ITU-R P.618 for primary statistics or P.1623 for secondary statistics.
In general, channel models must be capable of producing both short-term and long-term time series. Short-term time series correspond to the generation of event-on-demand that should be specified from its maximum attenuation and/or its total duration. This feature is important to test the behaviour of an FMT control loop with fade events that correspond to specific FMT activation thresholds (does the designed loop allow a specified attenuation to be actually mitigated?), to evaluate the switching rate between specific FMT modes or to assess the required signalling. Longterm time series are also useful to infer statistical distributions (availability, switching rate, throughput, etc.), for instance, on a monthly basis in order to analyze the impact of the seasonal variability on the optimization of control loop internal margins. It can be mentioned here that event-on-demand may also be selected with the appropriate algorithm from a long-term time series.
The possibility of changing sampling rate (e.g. between 0.1 and 100 Hz) is another requirement for the channel models. In fact the type of system simulation determines the granularity of the propagation time series, e.g. if the performance of the control loop around a specific FMT activation threshold has to be determined, a rapid sampling rate is required, on the other hand, if the allocation of the satellite resources is tested with a network simulator, a lower sampling rate would be sufficient. The computational efficiency represents another requirement. It should be low in order to save computation time when synthesizing long-term time series.
DESCRIPTION OF THE BASIC PRINCIPLES OF THE CHANNEL MODELS CONSIDERED IN THIS STUDY
A wide review of channel models has been carried out by the same team [11] in the framework of the European action COST 280 ('Propagation impairment mitigation for millimetre-wave radio systems'). From this list of channel models, six models have been selected: spectral (SPL) model, two-sample model (TSM), second-order Markov chain (2MC) model, N-states Markov chain model, ITALSAT data-based model and synthetic storm technique (SST). This selection has been mainly based on the following criteria: detailed information available, good theoretical basis, maturity of approach, possibility of generalization to any part in the world.
Spectral model (SPL)
Relying on the theory described in [12, 13] , this stochastic model partly aims at synthesizing rain attenuation time series [14, 15] as well as scintillation time series [16] . Maseng and Bakken have made two main hypotheses concerning the rain attenuation process A rain :
* The long-term distribution of rain attenuation is log-normal, characterized by two parameters: the mean m and the standard deviation s of its Neperian logarithm. * Rain attenuation can be transformed into a first-order stationary Markov process using the nonlinear transformation:
Moreover, first-order stationary Markov processes are characterized by autocorrelation functions that follow the analytical expression: Figure 1 shows the relationship between the white Gaussian noise generating source nðtÞ and the instantaneous rain attenuation AðtÞ in dB synthesized by the SPL model.
Three parameters are then necessary to generate rain attenuation time series with this model:
* The log-normal law parameters m and s; respectively, the mean and the standard deviation of the log-attenuation. * The b parameter introduced to describe the dynamics of rain attenuation.
The three parameters m; s and b have to be determined on a long-term basis. In fact, they are dependent on the link considered and can be evaluated using time series of rain attenuation collected over long periods (months, years).
This channel model requires as inputs the geometrical and radiowave characteristics of the link, as well as the cut-off frequency of the rain filter, as shown in the flowchart given in Figure 2 [17] . An analysis tool has been developed to infer the latter from experimental time series.
Two-sample model (TSM)
This model predicts the probability distribution of rain attenuation a short time after a measured value, dependent on the values of two previous samples of rain attenuation [18] . This 
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TSM enables adaptive fade countermeasure systems to anticipate the expected attenuation, and determine the required tracking speed. Also, with these results a model of rain attenuation as a Markov process can be derived, which can be used to develop data simulation procedures of rain attenuation. The model derived is described as follows. The probability distribution pðAÞ of attenuation A at time t þ Dt is given by
where m A and s A are dependent on the two previous attenuation values A 0 at time t; and A À1 at time t À Dt; as
Two separate sets of parameters have been identified for a time step of 10 and 1 s; respectively:
This channel model requires as inputs the maximum attenuation or the maximum duration of the rain fade event, as well as a set of coefficients a 2 ; b 2 and g 2 ; corresponding to the considered sampling rate (1 or 0:1 Hz). These coefficients have been derived from a large data set of OLYMPUS and ITALSAT propagation measurements [19] and are assumed to be independent of frequency, elevation and climate for frequencies ranging between 10 and 50 GHz; for elevations ranging between 27 and 308 and for maritime European climates. An analysis tool has been developed to infer these three parameters from experimental time series.
Second-order Markov chain model (2MC)
This model is based on a 2MC [4] . It can be run in either a discrete-valued or a continuousvalued version. The continuous-valued version represents an improvement of the discrete one, since it provides not only higher resolution but also allows for a slightly less complex implementation of the model (see Figure 3 ). The transition probabilities of the 2MC are modelled as Gaussian random variables in such a way that a single Gaussian random variable fully describes all N transitions from a particular state to all possible other states. Note that N represents the number of attenuation values in the range from 0 dB to typically 30 dB: A quantization of 1 dB yields 31 states, a finer quantization of 0:1 dB results in 301 states. The complete Markov chain would require the knowledge of a total of N 2 Gaussian distributions. However, by pooling transitions in the manner described in Figure 3 , a total of only 3N Gaussian distributions have to be taken into account, i.e. 3N mean values and 3N standard deviations have to be determined.
The set of these 3N mean values and 3N standard deviations represents the specific channel model parameters (SCMPs) of the 2MC model. Figure 4 gives an example for the SCMPs. Note that in this figure the quantization of the attenuation levels is 1 dB:
This channel model requires as input the set of 3N mean values and standard deviations. This set has to be determined from measurements. It is available for two European locations as outcome of the ITALSAT experiments. An analysis tool has been developed to infer these sets also from other experimental time series. The 2MC model inherently provides continuous synthetic time series including fade and inter-fade periods and allows the consideration of diurnal and seasonal variations but does not provide fades on demand.
N þ 2-States Markov chain model (MKV)
The N þ 2-states Markov chain (MKV) model aims at synthesizing time series of rain attenuation only [20] . The model is divided into three parts. The first part is referred to as macroscopic model and provides a time series consisting of two possible states: 'rain' and 'no rain'. An example of such a time series is shown in Figure 5 . The second part of the model is the so-called microscopic model. Its task is to fill the boxes, in other terms to generate attenuation time series according to the value of the states obtained from the macroscopic model. The microscopic model provides the short-term dynamic behaviour of rain attenuation (through the fade slope distribution). Figure 6 shows an example of a time series of duration D generated by the microscopic model. The last part of the MKV model consists in combining the two time series obtained from the previous parts in order to generate complete long-term time series. This rain attenuation time-series synthesizer relying on N-state Markov chains has been developed in order to offer a great flexibility to the user in terms of time and attenuation granularity and in terms of the opportunity to control some characteristics of a propagation event like its maximum attenuation and if possible, its total duration.
The transition probabilities of the N-states Markov chain model are based on Recommendation ITU-R P.1623 which predicts fade slopes for different sampling rates and cut-off frequencies. The input data requested to run the model are geometrical configuration (satellite and Earth station locations), radiowave characteristics (frequency and polarization) and the climatological parameters being given by ITU-R radio-meteorological maps.
ITALSAT data-based model (IDB)
This synthesizer of rain attenuation time series [21] is based on a large set of experimental rain attenuation time series collected at Ka-and V-bands between 1994 and 2000 in the framework of the ITALSAT propagation experiment, ended in January 2001 [22] . This database of experimental rain attenuation time series is large enough to reproduce the main features of the phenomenon.
The database consists of event files containing rain attenuation values in dB and sampled every second for the three beacons at 18.7, 39.6 and 49:5 GHz (from now on referred to as 19, 40 and 50 GHz). Attenuation was then cleaned of system biases by using a set of radiometers. Then, scintillation was filtered out (low-pass Butterworth filter with a cut-off frequency of 0:025 Hz) and rain attenuation events were extracted by using specific thresholds to constitute the database. An example of a rain event at the three frequencies is shown in Figure 7 .
The principle of the time-series synthesizer consists in extracting rain attenuation events and in dividing these rain attenuation events in classes according to their peak attenuation and then scaled in frequency, polarization, elevation, rain height, etc. to take into account the conditions 584 existing in a different location. Finally, a particular procedure determines the weights of the different classes of rain attenuation events so as to reproduce the cumulative distribution function of rain attenuation as measured or predicted for a generic link in a generic location. The block diagram of the synthesizer is shown in Figure 8 .
This channel model requires as inputs the geometrical and radiowave characteristics of the link, as well as the cut-off frequency of the rain filter. A database containing the time series of measured attenuation for several rain events with different typologies and intensities is also required. A database of more than 2500 events is available from ITALSAT measurements at Spino d'Adda. In order to limit the dimension of the database and to facilitate both portability and accessibility of the database, a total of 500 events representing different months and years has been selected. A classification of these events with respect to their peak attenuation level is required. Typically 20-30 classes representing the peak attenuation in dB have to be distinguished to obtain best results.
Synthetic storm technique (SST)
Starting from the rain rate time series of rain storm, collected at a site with a rain gauge, the SST can generate rain attenuation time series at any frequency and polarization, for any slant path above about 208; at this site [23] . A synthetic storm is obtained by converting a rain rate time series, recorded at a point by a rain gauge (a robust and economic device) and averaged over 1 min (or less, as experimented with the ITALSAT database collected at Spino d'Adda), to a rain rate space series along a line, by using an estimate of the storm translation speed v to transform time to distance, through a convolution integral. It has been shown that the statistical properties of rain attenuation derived from a large sample of rain rate time series closely agree with those of the actual measured rain attenuation, and that the first-order statistics are significantly insensitive to the value of v (fade duration and slope statistics being mainly determined by the movement of the storms). Rain attenuation time series can be simulated by using the average value of v; obtainable from measurements of wind speed at about the 700-mbar level, often available from meteorological services. The vertical structure of rain is modelled with two layers of precipitation of different depths. Starting from ground, there is rain (hydrometeors in the form of raindrops, water temperature of 208C; layer A) followed by a melting layer (layer B), i.e. melting hydrometeors at 08C: The vertical rain rate R ðmm=hÞ in the lower layer is assumed to be uniform and given by the rain rate measured at ground, i.e. by the rain gauge. By assuming simple physical hypotheses, calculations show that also the vertical precipitation rate in the melting layer, termed 'apparent rain rate', can be supposed to be uniform and given by 3:134R: The height of the precipitation (rain and melting layer) above sea level is assumed to be the ITU-R 08C isotherm height above sea level given, for a site in the Northern hemisphere at latitude f5238; by 5 À 0:075 Á ðf À 23Þ km; and the depth of the melting layer is 0:4 km; regardless of the latitude. As far as rain attenuation is concerned, the two layers (A and B) describe, on the average and effectively, all rain events made up of the two main types of precipitation, i.e. stratiform and convective. Rain attenuation, A (dB), is calculated as a line integral of the specific rain attenuation Y ¼ kR a ðdB=kmÞ; according to the values of rain rate found in the rain rate space series obtained with the SST.
This channel model requires as inputs the geometrical and radiowave characteristics of the link, as well as a database containing time series of measured rain rate (1-min integration time or less) for the site in question.
COMPARISON WITH EXPERIMENTAL DATA

Methodologies for comparison with experimental data
4.1.1. Methodology for testing. Two methodologies have been followed to test the above described time-series synthesizers against experimental data. A 'long-term testing' activity is presented in the present paper in order to validate the long-term behaviour of the synthesized channel as compared with real ones. An 'event-based' testing activity, not described in the present article, has also been developed to assess the detailed short-term behaviour during a fading event; it is the object of companion papers [24, 25] .
The experimental data used to perform the tests are the following: As the considered time-series synthesizers generate attenuation only, scintillation is filtered out from the experimental time series, using a fifth-order Butterworth filter; a cut-off frequency of 0:025 Hz is used, as recommended by OPEX [26] .
The long-term testing activity methodology consists in generating 10 data sets with each time-series synthesizer, each of these 10 data sets corresponding to a total duration of 1 year. The motivation to generate a number of 10 data sets is to get an idea of the yearly dispersion of the results obtained with each of the time-series synthesizers. The testing activity is performed in terms of first-order statistics (rain attenuation distributions) and second-order statistics (fade slope and fade duration distributions). Because the selected second-order statistics (fade slope and fade duration) describe the dynamical properties of the propagation channel which are very important for the design of FMTs a lower ranking will be assigned to first-order statistics testing (attenuation distributions) in the evaluation of performances. The testing variables used for rain attenuation and fade duration are the ones given in Recommendation ITU-R P. 311, whereas the testing variable for fade slope is given by [27] :
Time-series generation procedures. Not each model could produce the same type of time series as the other channel models. Differences are due to the fact that * some of them (e.g. 2MC model) produces continuous time series of total attenuation including clear sky periods, * another group of channel models (MKV, SST, SPL) produce continuous time series of excess attenuation including inter-event periods (that is with periods where there is no rain attenuation), * the last group of channel models (TSM, N-states Markov chain and ITALSAT-based models) produce only rain attenuation events with no information on the inter-event period.
It therefore appears necessary to define a methodology to generate comparable time series and to appropriately compare their statistics against those of experimental data.
As different types of time series can be generated, in the following, the analysis will be concentrated on comparisons of rain attenuation event collections, which is the common output of all channel models. To be able to compare objectively the synthesized rain attenuation time series, the same cumulative duration of rain attenuation events will be generated. The generation of the same number of attenuation events has been rejected, because it would result both in a very large number of small rain attenuation events and in different cumulative durations.
Our approach was to consider only a certain amount of cumulative duration in order to make sure that it will correspond to rain periods for each experimental location. This cumulative duration is fixed to 1% of an average year (that is on a part where rain attenuation is the dominant effect). Furthermore, we have decided to take into account only parts of generated or experimental fade events with attenuation higher than the attenuation exceeded for 1% of the time given, respectively, by A 20 GHz ð1%Þ ¼ 0:6 dB for Lessive, A 30 GHz ð1%Þ ¼ 1:6 dB for Louvain-la-Neuve, A 19 GHz ð1%Þ ¼ 1:5 dB and A 50 GHz ð1%Þ ¼ 5:5 dB for Spino d'Adda, and finally A 40 GHz ð1%Þ ¼ 2:9 dB for Oberpfaffenhofen.
Results in terms of rain attenuation distributions
The testing activity on rain attenuation is performed for the channel models with respect to the OLYMPUS data collected in Louvain-la-Neuve and Lessive (Belgium, near Brussels) and with respect to the ITALSAT data collected in Spino d'Adda (Italy, near Milan). Results obtained with Recommendation ITU-R P.618 are also given as reference in terms of prediction accuracy.
DEVELOPMENT AND VALIDATION OF TIME-SERIES SYNTHESIZERS 587 Figure 9 shows the results in terms of complementary cumulative distribution function (CDF) of attenuation obtained from synthesized and experimental time series at around 20 GHz (in Lessive and Spino d'Adda), where the CDFs of rain attenuation obtained from each channel model correspond to the whole period of the 10 generated data sets. The relative error between the CDF of synthesized attenuation (over 10 years) and each single year experimental CDF is shown in the lower row of Figure 9 .
The results obtained with the time-series synthesizers adapted to the Lessive scenario show a very good agreement for the ITALSAT data-based model and the SPL model down to 0.02%. 2MC model and TSM approximate less well the experimental CDF, with differences that can reach 2 dB in Lessive for 0.02% of the time.
Obviously, the ITALSAT data-based model at both frequencies shows the best agreement with the measurements at Spino d'Adda, which represents its reference data set. The 2MC 588 model, the SPL model and the SST show a very good agreement down to 0.05%, the TSM giving slightly worse agreement. Results obtained with the N-states Markov chain are not satisfactory with a strong overestimation of the experimental CDF. Concerning the SST, the overestimation of the experimental curve is logical as this technique relies on the conversion to attenuation of the concurrent rain rate time series, whose rain gauge availability is higher than the beacon one [28] . A similar analysis conducted at 30 GHz in Louvain-la-Neuve, at 40 GHz in Oberpfaffenhofen and at 50 GHz in Spino d'Adda is shown in Figure 10 . Here again, good results are obtained with all the represented time-series synthesizers.
The results of the dispersion analysis are presented in Figure 11 for Spino d'Adda only, which gives the variability obtained with each time-series synthesizer, presented with the driest (1998) and the wettest (1999) ITALSAT CDFs. 
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The analysis of the results displayed in Figure 11 at 19 GHz shows with respect to experimental data:
* the ITALSAT data-based model (low middle) shows little or no yearly dispersion, * the TSM (lower left hand) and the 2MC model (upper left hand) show a lower but comparable yearly dispersion data, * the SPL model (upper right hand) and the SST (lower right hand) exhibit higher but comparable yearly dispersion data, * the N-states Markov chain model (upper middle) exhibits the highest yearly dispersion.
Apart from these specific results, the yearly dispersion is surprisingly similar for all the timeseries synthesizers.
The main conclusions of the testing activity on attenuation distributions are the following. Very good results (better than with Recommendation ITU-R P.618) are obtained with 2MC, SPL, TSM and ITALSAT data-based models for all frequencies and locations (especially for SPL and ITALSAT data-based models). The dispersion of the results obtained from the generation of 10 independent years of time series is similar to the one observed on the experimental data for 2MC model, SPL model and TSM as well as for the SST.
However, as already stated, the testing activity related to attenuation distributions is assumed to be less relevant than the testing of dynamical properties and represents more a validation rather than an accuracy assessment procedure.
Results in terms of distributions of attenuation duration
The testing activity on fade duration is performed for the channel models with respect to the whole multiple-year distributions measured in Lessive, Louvain-la-Neuve and Spino d'Adda. Results obtained with Recommendation ITU-R P.1623 are also given as reference in terms of prediction accuracy.
In this section, attenuation duration refers to the duration of attenuation, obtained after filtering of the synthesized and experimental time series with a raised square cosine filter used with a cut-off frequency of 0:02 Hz as recommended during the OPEX [26] .
The fade duration distributions as defined in Recommendation ITU-R P.1623 are normalized with respect to the minimum duration or in other words with respect to the time between adjacent samples (for all distributions, probability corresponding to a 1 s attenuation duration threshold is set equal to 1). The distribution of short fades is not used in the present testing analysis. In the following, attenuation duration distributions are produced for each location considering a minimum duration of: * 1 s for N-states Markov chain, SPL, TSM and ITALSAT data-based models as well as SST applied to Spino d'Adda, Louvain-la-Neuve and Lessive locations, * 60 s for all models and all locations.
The first series of comparisons between distributions of the relative number of fades (probability of occurrence of fades of duration d longer than D in seconds, given that the attenuation a is greater than A in dB) obtained from synthesized and experimental time series are presented in Figure 12 for the data collected at around 20 GHz (Lessive and Spino d'Adda). The distributions of the relative number of fades obtained from each channel model correspond to the whole period of the 10 generated data sets. These '10 years' distributions are then compared with the experimental distribution calculated over the whole multiple-year data collected in Lessive and Spino d'Adda and to the distributions of the relative number of fades predicted with Recommendation ITU-R P.1623. Error statistics are then calculated over the different thresholds.
It can be seen from Figure 12 that SPL, TSM and ITALSAT data-based models perform very well, which is not the case of the N-states Markov chain model in Spino d'Adda. Results obtained with SST cannot be objectively compared with the other models for 1-s attenuation duration, as this technique proved to be applicable essentially for 60 s duration (see instead Figure 13 ) [23] .
In order to assess the performances of 2MC and SST models, the analysis is repeated using durations longer than 60 s: Consequently, all distributions are set equal to 1 for a 60-s attenuation duration threshold (in the previous case, all distributions equalled to 1 for a 1-s attenuation duration threshold) to allow comparisons with 2MC and SST models (see Figure 13) .
The following conclusions can be derived from the analysis of Figure 13 : the 2MC model and the SPL model exhibit fair performances for all locations, with an error similar to Recommendation ITU-R P.1623, the other models giving higher RMS error; here, the N-states Markov chain model does appear to provide acceptable results, with particular regards for attenuation events longer than 30 min:
A similar analysis is presented in Figure 14 which gives the error statistics calculated between simulations performed with the time-series synthesizers and experimental 60 s fade duration distributions calculated at 30 GHz in Louvain-la-Neuve, at 40 GHz in Oberpfaffenhofen and at 50 GHz in Spino d'Adda. Here, the SPL model performs better than Recommendation ITU-R P.1623 for all these three locations at these three frequencies.
Another analysis has been performed on the total fraction of time (due to fades of duration d longer than D in seconds, given that the attenuation a is greater than A in dB), which showed the following conclusions: concerning the accuracy of models with respect to experimental statistics of the total fraction of 1 s fade duration intervals, the best accuracy is obtained with the ITALSAT data-based model and the SPL model for all frequencies and locations; concerning the accuracy of models with respect to experimental statistics of the total fraction of 60 s fades duration intervals, the best accuracy is obtained with the SPL model followed by the ITALSAT data-based model, the 2MC model and the TSM for all frequencies and locations.
Results in terms of distributions of attenuation slope
In a first step, attenuation slopes are calculated between two consecutive samples (i.e. over 1 s). In this case, this is not strictly the physical attenuation slope which is investigated, since the time series has been filtered with a cut-off frequency of 0:025 Hz (time constant around 40 s), but instead distortion to attenuation given by the filter. However, this situation is relevant for an FMT control loop, where a 1-s monitored signal can be filtered to remove scintillation, and where the fade slope can be used to improve short-term prediction [10] .
A first series of comparisons between CDFs of 1 s attenuation slope obtained from synthesized and experimental time series collected at around 20 GHz (Lessive and Spino d'Adda) are presented in Figure 15 , for an attenuation threshold of 10 dB: In this figure the DEVELOPMENT AND VALIDATION OF TIME-SERIES SYNTHESIZERS 593 CDFs of 1 s attenuation slope obtained from each channel model correspond to the whole period of the 10 generated data sets. These '10 years' distributions are then compared with the experimental CDF calculated over the whole multiple-year distributions measured in Lessive and Spino d'Adda and to the CDF of 1 s attenuation slope predicted with Recommendation ITU-R P.1623. As for attenuation duration, only models allowing time series to be generated at 1 s sampling rate are considered in this testing analysis. For this 10 dB attenuation threshold, the shape of the experimental curve is well approximated by the SPL, the TSM and the ITALSAT data-based models. Results obtained with the N-states Markov chain model are relatively far from the experimental curve. More generally, for low percentages of time (lower than 1%), the time-series synthesizers seem to underestimate the attenuation slope.
When attenuation slopes are calculated over 1 min instead of 1 s (see Figure 16 to allow comparisons with the 2MC model and with the SST model), first of all a decrease of the attenuation slope values can be observed, which do not exceed 0:3 dB=s instead of a maximum 
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value of 1 dB=s for 1 s attenuation slopes. Secondly, Recommendation ITU-R P.1623 performs better than previously and also better than the time-series synthesizers. It can be noticed that here, this is really the time derivative of the attenuation which is considered. Afterwards, the accuracy of the channel models is degraded for the SPL and the N-states Markov chain models, stable for the TSM and improved for the ITALSAT data-based model and for the SST. Generally, the best results are obtained by the ITALSAT data-based model, followed by 2MC model, TSM and the SST and then by the SPL model.
Finally, a similar analysis is conducted as shown in Figure 17 which presents the errors calculated between synthesized and experimental 60 s attenuation slope distributions obtained at 30 GHz in Louvain-le-Neuve and at 50 GHz in Spino d'Adda. Here again, Recommendation ITU-R P.1623 performs better than the time-series synthesizers, especially at 40 and 50 GHz; where other effects, not taken into account in the time-series synthesizers, would have to be considered. DEVELOPMENT AND VALIDATION OF TIME-SERIES SYNTHESIZERS 595
CONCLUSION
In this paper, the context of multimedia satellite telecommunication systems has been outlined focussing on the necessary adaptivity of these systems (using interference and fade mitigation techniques, adaptive resource management). Then the needs of propagation channel models have been presented, expressed in terms of time-series generation. Afterwards, a collection of six time-series synthesizers able to answer to these needs has been reviewed and their main principles have been described: spectral model, two-samples model, second-order Markov chain model, N-states Markov chain model, ITALSAT data-based model and synthetic storm technique. Improvements of the implementation of these models have been recently achieved.
Finally, some comparisons of synthesized time series against measured data collected during the OLYMPUS and the ITALSAT propagation experiments have been presented, which have shown good agreement between the long-term distributions obtained from the synthesis of time series and the experimental distributions.
This study has allowed the following main progress on channel models to be achieved:
* a set of channel models has been developed with consolidated theoretical basis, * a set of analysis tools has been developed for retrieving internal parameters of the channel models from experimental measurements, * a methodology has been designed for long-term testing of channel models, * a specific methodology has been built for short-term or event-based testing of channel models, * comparison results of channel models performances have been obtained with respect to an experimental database for first-order, second-order and fade event characteristics.
Some improvements can be brought on these time-series synthesizers, such as the possibility to synthesize events-on-demand, that is with the control of the maximum attenuation and of the total duration of each generated attenuation event. On the other hand, the validation of these time-series synthesizers can be extended, particularly for other link elevations and other climates (especially for tropical and equatorial areas), thanks to the availability of automatic analysis tools allowing the internal parameters of the models to be retrieved from experimental time series. Finally, other effects than rain attenuation have to be modelled in these frequency bands, such as oxygen, water vapour and cloud attenuation as well as scintillation, which need to be implemented in the presented models. This study has been carried out:
* in the framework of the ESA contract no. 16865/03/NL/EC 'Development of propagation models for telecommunication satellite systems', with contributions from Frederic LACOSTE (previously Te´SA as ONERA-CNES PhD student, now with CNES) and from Max VAN DE KAMP (previously ONERA, now University of Bath), 
